Spirometry has been used as the main strategy for assessing ventilatory changes related to occupational exposure to particulate matter (OEPM). However, in some cases, as one of its limitations, it may not be sensitive enough to show abnormalities before extensive damage, as seen in restrictive lung diseases. Therefore, we hypothesized that cardiopulmonary exercise testing (CPET) may be better than spirometry to detect early ventilatory impairment caused by OEPM. We selected 135 male workers with at least one year of exposure. After collection of self-reported socioeconomic status, educational level, and cardiovascular risk data, participants underwent spirometry, CPET, body composition assessment (bioelectrical impedance), and triaxial accelerometry (for level of physical activity in daily life). CPET was performed using a ramp protocol on a treadmill. Metabolic, cardiovascular, ventilatory, and submaximal relationships were measured. We compared 52 exposed to 83 non-exposed workers. Multiple linear regressions were developed using spirometry and CPET variables as outcomes and OEPM as the main predictor, and adjusted by the main covariates. Our results showed that OEPM was associated with significant reductions in peak minute ventilation, peak tidal volume, and breathing reserve index. Exposed participants presented shallower slope of DVT/Dln . VE (breathing pattern), i.e., increased tachypneic breathing pattern. The OEPM explained 7.4% of the DVT/Dln . VE variability. We found no significant influence of spirometric indices after multiple linear regressions. We conclude that CPET might be a more sensitive feature of assessing early pulmonary impairment related to OEPM. Our cross-sectional results suggested that CPET is a promising tool for the screening of asymptomatic male workers.
Introduction
Occupational exposure to particulate matter (OEPM) is responsible for the increase in mortality and morbidity rates in workers by cardiorespiratory diseases (1) (2) (3) . Spirometry has been used as the first-choice instrument for the evaluation of pulmonary alterations in individuals vulnerable to OEPM (4, 5) . Currently, the instrument is indicated for diagnosing the risk of damage, identifying lung disease, monitoring subjects exposed to harmful particulate matter, as well as to evaluate therapeutic interventions (6) . However, in some cases, as one of its limitations, it might not be sensitive enough to show abnormalities before extensive damage as seen in restrictive lung diseases (7) .
The evaluation of cardiorespiratory fitness with cardiopulmonary exercise testing (CPET) is used for the diagnosis of exercise intolerance as well as prognosis of patients with chronic diseases (8) . Because of the complexity of using exercise testing, imaging information regarding cardiac structure and function as well as ventilatory gas exchange measurements are used to detect small changes that reflect the functional capacity of the cardiovascular, respiratory, and musculoskeletal systems. These measurements respond to different metabolic demands in health and disease conditions (9) . Therefore, compared to spirometry, CPET could be a more sensible respiratory test to detect early ventilatory impairment caused by OEPM.
CPET has been explored in the literature regarding its prognostic and diagnostic value in cardiorespiratory diseases, as well as in cardiac and pulmonary rehabilitation. However, there are few studies in the literature focusing on the potential of CPET for screening early pulmonary alterations caused by OEPM. It has been shown that CPET is an appropriate tool to assess heterogeneous abnormalities related to respiratory mechanics and pulmonary gas exchange that are not detected early by traditional resting pulmonary function tests, e.g., spirometry. CPET can also explain the incipient symptoms of dyspnea and exercise intolerance in any given individual. Moreover, CPET may identify the effects of skeletal muscle dysfunction differentiating between physical inactivity causes from impaired cardio-circulatory function. The absence of abnormal physiologic responses to CPET in a symptomatic subject requires careful evaluation (10) . Thus, the aim of this study was to compare spirometry and CPET to detect ventilatory alterations in workers exposed to OEPM. The hypothesis is that CPET might be more efficient than spirometry to assess incipient ventilatory abnormalities.
Material and Methods

Study design
We conducted a cross-sectional study involving male workers. Participants were selected from the beginning of the epidemiology and human movement study (EPIMOV Study). Briefly, the EPIMOV Study is a population-based cohort study, which the main purpose is to investigate the associations of physical inactivity and sedentary behaviors with the occurrence of hypokinetic diseases. The Ethics and Research Committee on Human Beings of the Universidade Federal de São Paulo (UNIFESP) approved the study (#186.796). All participants signed a consent form.
Demographic characteristics (age, gender, socioeconomic status, and educational level), self-reported medical history, anthropometrics, respiratory questionnaire (11), cardiovascular risk, spirometry, CPET, body composition (bioelectrical impedance), and level of physical activity in daily life (PADL) were collected from participants.
We included male workers older than 18 years with normal pulmonary function (n=153) and excluded those who had musculoskeletal problems and lung and heart diseases previously diagnosed or identified during evaluation, previous thoracic surgery, previous history of mechanical ventilation, were using assistive gait devices, or had others problems identified in the electrocardiogram and issues that the researchers judged impeding for performing physical exercises safely.
Our exposure group (EG) and control group (CG) were defined according to a validated occupational respiratory questionnaire (i.e., ATS-DLD78), which was applied before the spirometric test. Those who answered ''yes'' to OEPM were included in the EG and who answered ''no'' were included in the CG.
The EG group was composed of individuals who reported exposure to many types of particulate matter during work, especially from port activities in Santos, SP, Brazil.
Anthropometry
Body mass to the nearest 0.1 kg and height to the nearest 0.1 cm were measured by a digital scale with a stadiometer (Toledo s , Brazil) according to standard recommendations previously described (12) . The body mass index was then calculated (kg/m 2 ).
Respiratory assessment
We applied a respiratory questionnaire based on a previously validated questionnaire developed by the American Thoracic Society (ATS) (11) to investigate pulmonary impairments and OEPM, which comprised: ''Have you had any lung disease?'', ''Do you have or have had asthma?'', ''Have you ever underwent any thoracic surgery?'', ''Have you had to breathe through invasive mechanical ventilation?'', ''Have you ever worked in environments with high dust, smoke or other suspended chemicals for at least 1 year?'' Spirometry measurements were performed using a periodically calibrated spirometer (Quark PFT, Italy), according to the criteria established by the ATS (6 
Cardiopulmonary exercise testing
CPET was performed on a treadmill ramp protocol (ATL, Ibramed, Brazil) in which the speed and inclination increase were individualized according to the predicted peak oxygen uptake (peak . VO 2 ). We designed CPETs to be completed in 10 min on average (range 8-12 min). Metabolic, cardiovascular, and ventilatory responses were measured breath by breath through a gas analyzer (Quark PFT, Cosmed, Italy). The necessary air, gas mixture, and syringe calibrations were performed according to the manufacturer's recommendations. Pulmonary oxygen uptake ( . VO 2 ), carbon dioxide production ( . VCO 2 ), and minute ventilation ( . VE) were measured throughout CPET and data were filtered through an arithmetic average every 15 s for further analysis. Heart rate (HR) was monitored throughout the test through a 12-lead electrocardiography (C12x, Cosmed). The anaerobic threshold (AT) was estimated by the v-slope method. The breathing reserve was calculated by subtracting the peak . VE of maximum voluntary ventilation (MVV) estimated by age and gender of the participants (14) . Subsequently, the breathing reserve index (BRI) was calculated by the following equation [(peak . VE/MVV) Â 100] and reported as percentage, i.e., the higher the value, the lower the breathing reserve. Maximal exercise was determined in case of at least one of the following physiological indices: peak HR485% of predicted for age (220 -age), peak . VCO 2 / . VO 2 41.0, or oxygen uptake plateau (i.e., . VO 2 maximum). Exercise intolerance was considered when peak . VO 2 was below 83% of the predicted values (15) .
Additionally, the following submaximal relationships were determined throughout CPET:
. VCO 2 , and DVT/Dln . VE. These relationships were obtained by linear regressions as previously described (14) and represent cardiovascular and ventilatory efficiency, and breathing pattern throughout the exercise, respectively.
We applied the natural logarithm in DVT/Dln . VE as a strategy to linearize the relationship between VT and VE since the increase of tidal volume is not linear during the maximal incremental test in relation to ventilation. This strategy allowed us to calculate the slope of the relationship in a simple linear regression.
Body composition
Body composition was determined by bioelectrical impedance (310E Biodynamics, USA). The resistance and reactance were obtained according to the standards and protocols developed by Kyle et al. (16) . The lean body mass (LBM) and fat mass were calculated using the group-specific equations for healthy individuals (17) .
Physical activity in daily life
The triaxial accelerometer (ActiGraph, MTI, USA) (17,18) was attached to the waist by an elastic band above the dominant hip to evaluate the amount and intensity of PADL. The evaluations were performed over the course of 7 days. The validation of the data was based on the use of the device for at least 4 valid days with at least 720 min of monitoring. The time spent in sedentary, light, moderate, vigorous, and very vigorous physical activity was recorded and the number of steps/day was measured. We considered the minimal recommendations of PADL of 30 min of moderate to vigorous physical activity for at least 5 days per week (19) . Those who had not performed this level of PADL were considered physically inactive.
Statistical analysis
Statistical analysis was performed using SPSS software version 23 (SPSS Inc., USA), with a significance of Po0.05. The normality of the sample was verified using the Kolmogorov-Smirnov test. Categorical variables are reported as frequency and percentage and we subsequently applied the chi-square test to verify the differences between groups. The association between categorical variables and OEPM was evaluated through 2 Â 2 tables. Odds ratios (OR) and 95% confidence intervals (95%CI) were calculated. Continuous variables are reported as means±SD, and median and interquartile range (25-75%). The Student's t-test or Mann-Whitney test were applied in the continuous variables to determine if there were significant differences between groups.
Multiple linear regression models were developed considering the spirometric indices and responses to CPET as primary outcomes, and OEPM as the main predictor. After bivariate analyses, we adjusted the multivariate models by the main confounders: age, gender, height, LBM, sedentary physical activity level (%), socioeconomic status, education level, hypertension, diabetes mellitus, dyslipidemia, obesity, and smoking. These variables have been identified as correlated to pulmonary function and were included to check their influence in the multivariate analysis.
The sample size calculation took into account the number of clinically relevant predictors. We considered a total correlation coefficient of r=0.80 and a coefficient of determination of R 2 =0.64. With alpha error of 0.05 and beta error of 0.80, we achieved a sample of 10 observations for each variable included in the model. Considering that the models were adjusted for 12 variables, the sample was sufficient to answer our research question.
Results
Fifty-two participants reported ''yes'' to OEPM (''Have you ever worked in environments with high dust, smoke or other suspended chemicals for at least 1 year?'') and were allocated in EG. The remaining 83 subjects composed the CG.
EG presented older age, larger amount of lean body mass (kg), and lower educational level (Table 1) . There was a significant association between higher educational level and OEPM (OR=0.290: 95%CI=0.100-0.842). EG reported many types of occupations with exposure to a large amount of particulate matter, especially materials from Santos port activities.
Although the absolute values of FEV1 and FVC were significantly different, we did not find spirometric differences in FEV 1 (%) and FVC (%) between groups ( Table 2) .
Regarding PADL, participants of the EG showed a higher weekly amount of sedentary (77 ± 8 vs 74 ± 8%) and very light physical activity (14±5 vs 12±4%).
The influence of moderate-to-vigorous physical activity was analyzed as a categorical variable instead of as a continuous variable (i.e., physical inactivity) in multivariate analysis. We found no differences between groups.
Ten participants (19.2%) in the EG and 8 (9.6%) in the CG presented peak . VO 2 indicating exercise intolerance (P=0.09). EG presented worse physiological responses to CPET. There were significant differences for peak . VO 2 , . VE, VT, BRI, and end-expiratory pressure of O 2 . Regarding submaximal responses, the EG presented worse DHR/D . VO 2 , DVT/Dln . VE, and absolute values of AT. Moreover, the AT as percentage of predicted peak . VO 2 tended to be lower in the EG (Table 3) .
In the multiple regressions, exposure to OEPM was not identified as an independent predictor of spirometric indices. The differences found in absolute values of FEV 1 and FVC were attributed to difference in age and height. Regarding CPET, OEPM was identified as an independent predictor for peak . VE, BRI, peak VT, and DVT/Dln . VE (Table 4) . Therefore, OEPM was not a determinant for other measures of CPET.
Discussion
The main findings of the present study showed that male workers exposed to OEPM for at least one year exhibited ventilatory alterations during exercise, such as shallower DVT/Dln . VE and peak . VE, even with normal pulmonary function at rest. CPET has proven to be useful in identifying these early ventilatory changes related to OEPM.
Both CG and EG presented normal exercise responses, with no significant differences in the diagnosis of exercise intolerance (P=0.09). We found shallower DVT/Dln . VE in the EG and this was determined solely by OEPM (R 2 = 0.074). Moreover, we observed that OEPM was associated with the reduction of 8.4 L/min in peak . VE and 0.25 L in peak VT in CPET. Furthermore, the EG presented increased breathing reserve (i.e., lower BRI) at the end of CPET. These results clearly show that CPET was able to identify subtle ventilatory changes despite the absence of ventilatory limitations at rest. CPET, as previously described in the literature, has been used to assess ventilatory impairments and exercise tolerance in many types of pneumoconiosis, such as in mine workers (20) , asbestos workers (21), and people with silicosis (22) . However, those studies did not focus in early detection in asymptomatic subjects as our study. The most important result of the present study was the shallower DVT/Dln . VE ratio in the EG, which suggests tachypneic breathing pattern accompanied with less ventilatory efficiency during exercise.
Sperandio et al. (23) lung and/or chest wall cause changes in lung volumes and tachypnea during exercise (24) . Furthermore, alterations on breathing pattern such as lower VT, increased respiratory effort, and rapid and shallow breathing were reported in individuals with interstitial lung diseases (25) and in patients with cystic fibrosis (26) . Although the EG of the present study did not present evidence of scoliosis and spirometric restrictive pattern at rest, those participants exhibited a breathing pattern similar to that of patients with pulmonary restriction due to the limitation on the chest wall or intrapulmonary diseases. We believe that the difference in breathing pattern found between groups during CPET might be due to the exposure to a particulate matter. Thus, our results suggest that, among the several variables obtained in CPET, the DVT/Dln . VE might be the most appropriate to differentiate workers with incipient ventilatory changes.
Changes in DVT/Dln . VE might be a consequence of increased dead space to VT ratio (26, 27) . To attend the ventilatory demand during exercise, the ventilatory system uses combinations of respiratory rate and VT. At the initial phase, increasing ventilation occurs by increasing VT to close to 70-80% of inspiratory capacity. As exercise intensity progresses, ventilation continues to increase as respiratory rate increases. During exercise, there is also a similarity between ventilation and pulmonary perfusion, which reduces the volume of physiological dead space and, consequently, the ventilatory demand. In individuals with interstitial lung disease or reduction on the compliance of lung and/or chest wall, there is a decrease in pulmonary volumes and an increase in dead space, so the ventilatory strategy during exercise becomes less efficient, i.e., the increase in ventilation occurs predominantly due to the increase in respiratory rate (tachypneic pattern) (28) . Thus, the worse ventilatory efficiency observed in workers with pneumoconiosis was justified by greater values of ventilatory equivalent of oxygen during exercise (i.e., . VE/ . VO 2 ), which might have resulted from increased . VE (29) . The shallower slope of DVT/Dln . VE observed in the present study might be associated with lower VT, which leads to worse ventilatory efficiency in response to exercise.
Volpino et al. (30) evaluated pulmonary function and CPET performed on a cycle ergometer in workers exposed to urban pollution. Despite the different methodology from this study, the authors observed some similar results. In addition to reduced peak . VO 2 and AT, the exposed workers also showed significant worsening in ventilatory equivalent of CO 2 ( . VE/ . VCO 2 ) at AT and in the breathing reserve. These results indicate worse cardiorespiratory fitness associated with poor ventilatory efficiency in exposed participants. Although our study had a trend toward a higher proportion of participants with exercise intolerance, the results did not reach statistical significance. Volpino et al. (30) did not evaluate the breathing pattern as in the present study; we evaluated key submaximal relationships throughout CPET. The main advantage of the procedure proposed here is that submaximal relationships are not effort-dependent, i.e., even in low effort situations the early ventilatory changes described in the present study can be measured. Finally, DVT/Dln . VE can be obtained using a simple ventilometry during ergometric tests, indicating the large potential of breathing pattern measurements to be routinely used for detecting early ventilatory abnormalities. This relationship clearly shows the breathing pattern during progressive exercise.
Differently from Volpino et al. (30), Schenker et al. (27) did not report a significant association between peak . VO 2 and OEPM. Inhalation of paraquat by harvest workers did not cause enough damage to lung function to result in exercise intolerance. However, they observed an association between the exposure to paraquat and worse . VE/ . VCO 2 at the end of the CPET performed on a cycle ergometer. These workers displayed oxygen desaturation during exercise, which is an indication of abnormalities in gas exchange, even in the absence of restrictive or interstitial lung impairments. Although peak . VE/ . VCO 2 is useful to identify ventilatory changes, the submaximal relations as presented in our study have the main advantage to perceive changes independent of maximum efforts, i.e., the DVT/Dln . VE can be evaluated even in individuals with low cardiorespiratory fitness as well as in subjects with poor effort during the CEPT.
Spirometry has been used by many studies to evaluate pulmonary function in subjects with respiratory occupational exposure (4, 31, 32) . However, the damages caused by OEPM do not always manifest in individuals at rest. Due to the increased metabolic demand under physical activity stress, impairments and alterations on the respiratory system become evident. Because altered spirometric indices are generally associated with alterations and disorders already installed, we believe that CPET is a useful tool for the early screening of ventilatory impairments in workers under OEPM.
Pulmonary function at rest was normal in both groups; nonetheless, CPET was able to identify discrete but significant changes in the breathing pattern during exercise. Discrepant results were reported by Bernardes et al. (33) . Those authors found no difference in exposed and nonexposed lung function as measured by spirometry and functional capacity by the 6-minute walk test. According to the authors, the positive results were attributed to the use of personal protective equipment. We did not have information related to the use of appropriate protective equipment by our participants, which represent one of our limitations.
This study has some limitations. The EPIMOV study had the main purpose of diagnosing obstructive lung disease through the FEV 1 /FVC o70%. For this reason, we did not perform diffusion capacity measurements and measurements of total lung capacity at rest. We were unable to assess changes of the relationship between dead space volume and VT. Blood gases analyses were not carried out in our epidemiological study, which would have substantially enriched our results. Another limitation is the self-reported OEPM. The workers reported exposure to a large range of materials related to inhalable particles found in port activities including truck traffic and transportation of grains and cereals. However, we do not have precise information regarding the type of gases nor the time of exposure. Finally, even with the air quality annually classified as moderate (41-80 mg/m 3 ) to good (0-40 mg/m 3 ), the urban pollution could have affected the subjects as well, since the port area of Santos has a high concentration of MP10 (34) .
According to Ramos et al. (35) , the level of physical activity influences the inhaled doses of air pollution due to increased inhalation rates. The devices we used to track physical activity level of our participants were unable to specify physical activity of labor time with no information regarding a labor schedule. Therefore, we did not use physical activity compared to intensity of the labor and of the inhalation of particulate material. Moreover, we assessed the influence of moderate-to-vigorous physical activity as a continuous variable instead of a dichotomous variable for physical inactivity in the multivariate analysis, and found no differences in the results.
Despite these limitations, our results indicated excellent validity since after adjusting for confounder variables in the multivariate regression model, OEPM remained an independent predictor of the worst breathing pattern. Therefore, one simple question could track subjects with subclinical ventilatory changes. The results presented here should be interpreted with caution for women, given the gender differences in physiological responses to CPET (15) .
We concluded that CPET is a promising tool for screening workers under OEPM, with the capacity to identify incipient ventilatory changes. CPET might be a more sensitive feature for assessing early pulmonary impairment related to OEPM, useful for the prevention of occupational respiratory diseases in asymptomatic workers.
